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ABSTRACT
While nuclear imaging techniques (Magnetic Resonance Imaging, Computed
Tomography, and Positron Emission Tomography) have proven effective for diagnosis and
treatment of disease in the human body, fluorescence-enhanced optical imaging offers
additional benefits. Fluorescent imaging provides high resolution with real-time response,
persistent lifetime (hours to days), cell targeting, and transdermal penetration with minimal
physical encumbrance.

Malignant cells can be targeted by absorbance of exogenous

fluorescent nanoprobe contrast agents. Imaging is improved by fluorescent enhancement,
especially by energy transfer between attached dyes. Also for use against cancer are heatactive treatments, such as hyperthermal, photothermal, and chemothermal therapies.
Helpful to these treatments is the thermal response from nanoprobes, within human cells,
which provide real-time feedback. The present study investigates the design and feasibility
of a nanoprobe molecular device, absorbable into malignant human cells, which provides
real-time tracking and thermal response, as indicated by enhanced fluorescence by energy
transfer.
A poly(propargyl acrylate) colloidal suspension was synthesized. The particles were
modified with a triblock copolymer, previously shown to be thermally responsive, and an
end-attached fluorescent dye. A second dye was modeled for attachment in subsequent
work. When two fluorescent dyes are brought within sufficiently close proximity, and
excitation light is supplied, energy can be transferred between dyes to give enhanced
fluorescence with a large Stokes shift (increase in wavelength between excitation and
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emission). The dye pair was modeled for overlap of emission and absorbance wavelengths,
and energy transfer was demonstrated with 23% efficiency and a 209 nm Stokes shift. The
quantum yield of the donor dye was determined at 70%, and the distance for 50% energy
transfer was calculated at 2.9 nm, consistent with reports for similar compounds.
When the donor/acceptor dye pair is brought within close proximity (Förster
Resonance Energy Transfer or FRET distance), energy transfer is enabled. The current
design is that thermal response of an attached copolymer/dye ligand would cause closer
packing of the colloidal particle, resulting in FRET distance for the attached dye pair. The
first test of the hypothesis was to track the change in diameter under temperature change.
Using Dynamic Light Scattering (DLS), it was shown that the particle diameter decreased
from 100 to 82 nm (32 to 44 oC) and then to 60 nm (60 oC). The observed changes
correspond with literature and support the hypothesis, that the thermal response and close
proximity would enable energy transfer, resulting in the enhanced fluorescence needed as a
contrast nanoprobe for hyperthermia treatments.
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1. Motivation and Background
1.1

Nano-fluoroprobes
In the diagnosis and treatment of cancer and other human diseases, there is

advantage in improving traditional high-resolution imaging, such as Magnetic Resonance
Imaging (MRI), Computed Tomography (CT), or Positron Emission Tomography (PET).
Fluorescent imaging provides high resolution with real-time response, persistent lifetime
(hours to days), cell targeting, and transdermal penetration with minimal physical
encumbrance and without radiation. Malignant cells absorb a fluorescent contrast agent,
enhancing their image through emission upon excitation by light. The development of
exogenous optical contrast agents (fluoroprobes), coupled with detection such as
fluorescence-enhanced tomography, offers increased flexibility and sensitivity to view
biological events and extends the limits of diagnostic tools and innovative therapies [1-3].
Called into importance for early detection of disease, fluoroprobes distinguish specific cell
types and markers far in advance of gross anatomical changes. For fluorescent emission,
increased wavelength reduces Rayleigh scattering, proportional to wavelength (λ)-4. A large
Stokes shift (increased wavelength between excitation and emission), with enhanced
fluorescence, results in improved signal-to-noise [3-6]. Use of fluorescent contrast agents
enhances the view of tumors even through tissue and bone. Photographs are shown of
fluorescent imaging of a mouse brain tumor, mouse tumor blood vessels and a “surgeon’s
view” of ovarian cancer—the ordinary image compared to the fluorescent-enhanced image
(Figures 1-3) [7, 8].

1

Figure 1. Mouse with brain tumor (circular shape), as enhanced by an exogenous
fluorescent contrast agent. Courtesy: Anticancer Inc.

Figure 2. Mouse tumor blood vessels with fluorescent enhancement. Courtesy:
Anticancer Inc.

2

Figure 3. Peritoneal cavity of human ovarian cancer, viewed with the unaided eye (left)
and with enhancement from a tumor-targeted exogenous fluorescent contrast agent (right).
Courtesy: Philip Low.
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1.2

The proposed molecular device
The current effort proposes a contrast agent nanoprobe, a molecular device, which

responds to thermal change, resulting in enhanced fluorescence, and is less than 100 nm in
size for absorption by human cells. When two fluorescent dyes, with certain spectral
properties (energy donor and acceptor), are brought within close proximity (Förster
Resonance Energy Transfer or FRET distance), and excitation light is supplied, energy can
be transferred between dyes. The result is enhanced fluorescence with a large Stokes shift
(increase in wavelength between excitation and emission). The device will be constructed
from polymer colloidal particles, modified with a thermally responsive triblock copolymer
which decreases end-to-end distance with increased temperature, and one end-attached
fluorescent dye. A second dye will be attached, according to one of two designs, offering
different routes to accomplish the FRET distance. The dye will be attached directly to the
particle, or it will be end-attached to the copolymer attached to the particle, according to
different designs [9, 10]. The hypothesis for the modified particle is that, with increased
temperature, the diameter decreases sufficiently, the FRET distance between the dyes is
accomplished, so energy transfer is enabled. The first test of the hypothesis is to track the
change in diameter under temperature change. Increased temperatures cause the triblock
polymers to form closer pack structures, which should bring the dyes within the critical
distance.
Provided in Figure 4 is a cartoon of the molecular device demonstrating the
following four stages: (1) the target cancer cell is identified; (2) the cross-linked polyacrylate
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colloidal molecular device (spherical shape) with attached donor dye ("D") and attached
copolymer ligand with acceptor dye ("A") is absorbed into a human cancer cell;
(3) with fluorophores at long distance, "pump" photo excitation demonstrates ordinary
fluorescence; (4) at increased temperatures from hyperthermia treatment (e.g. spinning
magnetic nanoparticles, photothermal, or ultrasound), the copolymer assumes closer packing
due to micelle formation [11]. The dye pair is consequently brought to within energytransfer distance, resulting in enhanced fluorescence.
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Figure 4. Cartoon schematic of the role of the molecular device
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1.3 Förster resonance energy transfer (FRET) and Stokes shift
A large Stokes shift, preferably more than 50 nm, is desired for decreased
contamination from excitation light, scattering, and background fluorescence. When two
fluorescent dyes, the energy donor and the acceptor, are found in close proximity and under
optical excitation of the donor, energy is transferred to the acceptor, producing a Stokes
shift. The transfer is caused by quantum mechanical dipole-dipole interaction, as theorized
by German chemist Theodor Förster (1910-1974), and not by emission. The resonance
energy transfer is identified, however, by a decrease in donor fluorescence and an increase in
acceptor emission at greater wavelength [12-17]. The Stokes shift results in emission closer
to the near infrared, providing increased effectiveness in transdermal penetration. For these
advantages, FRET systems have been employed for fluoroprobes in biological research, a
range of biomedical and diagnostic applications, and optical imaging [15, 17-21].
Since energy transfer requires close proximity between donor and acceptor, it is
important to identify the FRET distance (Ro), which is defined as the distance between
donor and acceptor when energy transfer efficiency reaches 50%. Values for Ro vary
typically from 1 to 10 nm. FRET distance can be reliably predicted from spectral properties
(Equation 1) [22].
!!
!"

[12]

where:

= 0.02108

!
!

ĸ! ɸ !

!!

!!

!"# !! !"! !"!! !"!

Equation 1

𝑅! = Förster distance, nm
(calculated)

ΦD	
  =	
  quantum yield of donor (measured)	
  

κ! = the orientation factor
(assumed)

𝑛 = refractive index of solvent
(experimental)

𝐽 = spectral overlap integral (calculated)
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The overlap integral,  𝐽 (Equation 2), is used to calculate FRET distance. The integral
is approximated by the summation function (Equation 3). Spectral data is collected at a
selected wavelength increment (∆  𝜆) of one nm for both the acceptor dye’s absorbance and
the donor dye’s emission, which is then normalized on the wavelength scale. Within the
integral, the wavelength to the fourth power (𝜆! ) is multiplied by the molar absorption
coefficient and the normalized emission values. The absorption coefficient is calculated,
according to Beer’s Law, dividing absorption by the solution concentration and sample path
length (Equation 4).

Because wavelength is taken to the fourth power, wavelength

dominates the equation. Donor/acceptor overlap at increased wavelengths results in greater
FRET distance and increased efficiency at greater distance between donor and acceptor.
Therefore, the wavelength range should be considered in selecting donor/acceptor pairs.
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Spectral Overlap, J

𝐽=
J ≈

!
𝑓   𝜀
! !     !

!"
!!   𝑓!

λ       𝜆!     𝑑𝜆

𝜆 ∗ 𝜀! (𝜆) ∗ 𝜆! ∗△ 𝜆

where:	
  

𝑓! (λ)= fluorescence spectrum of donor normalized on
wavelength scale

	
  

𝜀! (𝜆)= molar extinction coefficient of acceptor at that
wavelength.

	
  

Equation 2
Equation 3

𝐴=ε𝑐𝑙
𝐴 = - (log I/Io )

	
  
	
  

So, 𝜀(𝜆) =
where:	
  

!(!)
!∗!

Equation 4

𝐴 = Absorbance
ε = Molar absorbtivity
	
  

𝑐 = concentration

	
  

𝑙 = path length of cell

	
  

I = Intensity of light, with sample
Io= Intensity of light, without sample

Other parameters used to calculate FRET distance are the solvent refractive index,
the quantum yield of the donor dye (ɸ! ), and the orientation factor (ĸ! ). For most solvents,
the solvent refractive index is readily obtained. The quantum yield for many dyes is available
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in literature, yet other dyes have not been characterized. This study will utilize a donor dye
which has not been studied, so its quantum yield will be determined.
The orientation factor is based on the orientation of the acceptor’s absorbance
transition dipole in regard to the donor’s emission transition dipole. When this angle is
known, the orientation can be calculated [22]. For head-to-tail dipoles, the value is 4, and for
parallel dipoles, it is 1. Within this range, the FRET distance can change no more than 26%.
For randomized orientation by rotational diffusion of donor and acceptor dipole moments,
appropriate for solutes as well as ligands bound to macromolecules, the ĸ! value is 2/3.
Rotational diffusion of small molecules in solution occurs (usually in picoseconds) faster
than fluorescent emission (usually in nanoseconds), resulting in an isotropic effect [22]. In
this investigation, the value of 2/3 for ĸ! will be used in experiments using small molecules
in solution.
FRET efficiency is important to this study because the thermal response would be
indicated by emission due to efficient energy transfer. FRET efficiency can be measured in
three different ways.
(1) Efficiency is dependent on the actual distance (r) between donor and acceptor
fluorophores, varying as r-6. If FRET distance (Ro) is known, the efficiency dependence on
distance can be expressed (Equation 5a, 5b).
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𝐸=

!
!!(

𝐸=!

! !
)
!!

!! !

!

! !! !

Equation 5a

Equation 5b

𝐸 = Efficiency of energy transfer

where:

𝑅 = Distance between fluorophores
𝑅! = FRET distance

(2) For well-characterized FRET systems, efficiency is dependent on the ratio of the
integrated fluorescence intensity of the donor in the presence of the acceptor divided by the
integrated fluorescence intensity of the donor alone (Equation 6).

Efficiency will be

determined from spectral measurements in this investigation.
𝐸 =1−

where:

!!:!
!!

Equation 6

𝐹! = Fluorescence integrated intensity of donor
chromophore by itself
𝐹!:! = Fluorescence integrated intensity of donor
chromophore in the presence of the acceptor chromophore
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(3) Efficiency is dependent on the fluorescence lifetime of the donor in the presence
of the acceptor divided by the fluorescence lifetime of the donor alone (Equation 7). Time
dependent studies will not be utilized in this investigation.
𝐸 =1−

where:

[12-17]

!!:!
!!

Equation 7

𝑇! = Fluorescence lifetime of donor fluorophore by itself
𝑇!:! = Fluorescence lifetime of donor fluorophore in
the presence of the acceptor fluorophore

A conceptual scheme to display electronic energy levels, in the form of a modified
Jablonski diagram, is shown as Figure 5. Ground state energy is identified as So (ground state
vibrations not shown), changing to excited state (S1) upon absorbance of light (hv-a) in 10-15
second. Relaxation to the lowest vibrational level of S1 occurs quickly, followed by solvent
relaxation S1 in 10-10 second. Paths are available, either fluorescent quenching (hv-F1) to the
ground state or energy transfer by FRET (A1). The latter route results in emission (hv-F2)
with a return to ground state (Ao). Non-radiative path ways are also available after solvent
relaxation, but are not shown [22].
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S1
S1

Solvent
Relaxation
FRET

hν-a

hν-F1

A1

hν-F2

Ao

So

Figure 5. Modified Jablonski plot showing absorbance (hv-a
to S1), solvent relaxation (S1), fluorescent quenching (hv-F1 to
So), energy transfer by FRET and emission (hv-F2 to So)
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1.4

Thermally responsive fluoroprobes
Stimuli-responsive nanostructures play a promising role for temperature feedback in

thermal medical treatments. The temperature device normally employed is one millimeter in
size [3, 23], but thermal cell tracking is desirable for increased control. Nano-fluoroprobes
permit thermal tracking at the cell level in real time. Since photothermal therapies operate in
a broad wavelength range, from visible to the near infrared (NIR), dependent on the
absorption properties of the exogeneous photothermal agent [3], fluorescent contrast agents
can remain impervious to electromagnetic noise when their wavelength range is
appropriately selected. In other cases, emission in or approaching NIR, for the contrast
agent, is selected for improved transdermal penetration. During the last decade, there has
been extensive investigation into thermally responsive polymers, many designated for drug
delivery [24].

Researchers have selected a wide variety of synthetic polymers, protein

complexes, branched and hyper-branched, core/shell, cross-linked and interpenetrating
network polymers [24-27]. In 2010-2011 came an exponential increase in publications on
thermally responsive devices [28-36].

Some designs utilized resonance energy transfer

between two dyes (donor and acceptor) for emission enhancement [37, 38]. Nonetheless,
fluorescent output, thermal response clarity, thermal range and limited operating capabilities
remain a challenge.
The goal of this investigation is to develop a molecular device with minimal
operational limitations, especially for the range of pH and chemical environments present in
treatment areas of the human body. Equally important, the device should maintain thermal
sensitivity for temperatures at the human body’s normal operating temperature (37 °C) and,
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even more so, extending into the hyperthermal range (up to 45 °C) [39]. The following
examples of thermally responsive polymers from recent reports, albeit successful for
intended purposes, demonstrate limitations in regards to the application at hand.
Polymers from N-isopropylacrylamide (NIPAAm) have been used in fluoroprobe
applications. For instance, a NIPAAm/fluorescein copolymer was utilized in a pH and
temperature sensitive FRET fluorescent probe [37]. However, the operating temperature
range was limited at the upper bound to about 37 °C. In another study, a hydrogel
copolymer, emulsion polymerized from NIPAAm and a 1,8-naphthalimide-based polaritysensitive and Hg2+-reactive fluorescent monomer (NPTUA), lost its thermally responsive
fluorescence at temperatures slightly above 37 °C [36]. Similar temperature limitations were
found with the pentapeptide-repeat polymer (PGVGV) with an elastin-like polypeptide
(ELP) ligand. Also, at certain concentrations, aggregates of 1 µm diameter were formed,
making the particles unsuitable for absorption into a human cell [33]. In an atom transfer
polymerization (ATRP) of oligo(ethylene glycol) monomethyl ether methacrylate (OEGMA)
and di(ethylene glycol) monomethyl ether methacrylate (DEGMA),

the resulting

fluoroprobe was thermally responsive in a wider and more appropriate temperature range.
Also, it utilized a FRET system with pH switching. However, it was limited to thermal
sensitivity only in the pH range, 5 to 7.3, and persistence time only 25 minutes [38]. The pH
range would limit its use to certain areas of the body, as the persistence might eliminate
some applications. Fluorescent response in a wide temperature range (25 to 80 °C) was
found as a property of a polydiacetylene (PDA) system.

However, fluorescence was

dependent on the presence of ß-cyclodextrin, an impractical restriction in vivo for this sugar
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compound [30].

Due to shortcomings such as these, the investigation turned to the

thermally responsive class of copolymers, Pluronics®.

1.5

Pluronics®
Pluronics®, which are amphiphilic triblock copolymers, have received much attention

due to their self-assembly, versatile phase change characteristics, very low toxicity and
suitability for wide-ranging applications [40]. The three blocks, in A/B/A construction,
consist of polyethylene oxide (PEO)/polypropylene oxide (PPO)/PEO (also designated as
PEG/polypropylene glycol (PPG)/PEG). Pluronics® are non-ionic surfactants, which form
emulsions under certain conditions, and undergo phase change with temperature change. In
water solution, this molecule forms an inner PPO hydrophobe (core) and an outer PEO
hydrophile (corona). The Pluronic® properties are anti-foaming, dispersing, and non-toxic.
The triblock molecular design was developed by BASF as Pluronic® and also by ICI as
Poloxamer®, the latter sometimes attributed to a generic version [41-44].
For Pluronic®/water systems at concentrations below the critical micelle
concentration (CMC), individually solvated molecules called unimers are stabilized by the
PEO moiety. Unimers form an equilibrium with incipient micelle aggregates, becoming
more closely organized as temperature approaches the critical micelle temperature (CMT)
[45]. A cartoon, below, shows the unimer in equilibrium with the micelle (within a circle,
Figure 6). The micelle forms with a core which is dense and a corona which is more freely
jointed.
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When a Pluronic® aqueous solution is heated from below CMT, it typically changes
phase, as identified in three stages: unimer, micelle, other structures formed from micelles.
Increased temperature promotes molecular aggregation, leading to micelle formation, which
is due to the dehydration in both core and corona [40, 41, 45, 46]. The micelle consists of a
viscous PPO core and PEO “corona” or shell structure [42, 43, 47] for ratios of PEO to
PPO repeat units greater than 0.5 [48].

Figure 6. Cartoon of a Pluronic® unimer (top) with its molecular structure.
One representative unimer (bottom, left) shows the equilibrium with a
micelle.

In the third stage, shrinkage occurs as the dehydrated PEO and concentrated PPO
units [46] restructure into one or more of the following phases: sol region, soft gel, globular
to rod, sphere to worm, sphere to cylinder, hard gel 1 & 2, or lyotropic liquid crystal, at
temperatures ranging from room temperature to about 50 to 60 °C [49]. Gelation is
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described as a space-filling process, or a “natural packing of spheres”, forming the colloidal
crystal, with entanglement of molecular chains [45, 48], including interpenetration of micelles
and intermicellar entanglement [50]. Closeness of micelle packing reduces micelle water
content, and it has been reported that micelle viscosity is much higher than the aqueous
phase [51]. Measuring the micro-viscosity around the probe micelle indicates the closeness
of packing in the micelle [47]. At the gel point, viscosity increases towards infinity [48], with
a visco-elastic response which is pseudo-plastic, almost independent of concentration and
temperature, unlike solution-state viscosity [45]. Phase change is seen also as a function of
increasing Pluronic® concentration, with packing increasing proportionately at equal
temperature [49]. In P103 Pluronic®/water solution studies (below), based on calorimetry,
density, sound velocity, and molar volume and compressibility, the CMT decreased with
increasing concentration (Figure 7) [49]. The temperature/composition phase diagram
shows conditions in which unimers change to spherical micelles, then form cylinders.
Critical Micelle Temperature, Globular Micelle Temperature (GMT) or sphere to rod
transition, and Cloud Point Temperature (CPT), decrease at higher concentrations.
Furthermore, closeness of packing tends to increase with higher concentration at equal
temperature. Closer packing phases appear higher in the plot.
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Figure 7. Temperature versus concentration diagram for phases of P103 in
water, showing Critical Micelle Temperature (CMT), Globular Micelle
Temperature (GMT) and Cloud Point Temperature (CPT). Reprinted with
permission from Elsevier.
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In DLS studies, using the same system at different concentrations (Figure 8), closer
packing occurs at increasing temperatures, with phase changes:
1) below CMT (less than 23 °C for Plot A, 1% concentration, or less than 20 °C for
Plot B, 3% concentration), unimers form large aggregates, as indicated by large values of
apparent hydrodynamic volume, yet packing is loose, as indicated by low values of DLS
intensity;
2) at CMT (23 °C for Plot A or 20 °C for Plot B), closer-packing micelles form, as
indicated by a decrease in hydrodynamic volume while intensity remains steady;
3) at temperatures well above CMT, larger closer-packing structures form, as
indicated by hydrodynamic volume increase at the same rate as intensity;
4) above 40°, segments form hexagonal close packing, (closer packing than
previously) as indicated by DLS intensity increasing at a greater rate than hydrodynamic
volume.
Angle dependence in DLS measurement is addressed in the inset, where spherical
micelles are indicated (no change in intensity versus angle change) for 25 °C at 1%
concentration.

At increasing temperatures and concentrations, (temperature regime 3,

above), change in intensity versus angle indicates non-spheres, and aggregation forms wormlike structures, changing to rods at still increased temperatures [49].
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Figure 8. Total intensity and apparent hydrodynamic volume versus
temperature, P103/water system,	
  	
   based on DLS studies at 90°
measurement angle. Total intensity is the left ordinate axis (black
	
  
squares), and apparent hydrodynamic
radius is the right ordinate axis
(white squares). Plot A (upper) shows 1% weight concentration; Plot B
	
  
shows 3%. Inset: DLS intensity versus
angle of measurement, at 25 °C,
o
black circles, and 30 C, white circles. Reprinted with permission from
	
  
Elsevier.
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Using a copolymer association model and DSC, micellization has been demonstrated
as an endothermic process [40]. Above CMT, micelle formation is spontaneous. The
driving force is an increase in entropy (mostly, water molecules lose association with polymer
segments) [40].

The gelation process is found to be much less endothermic than

micellization, in fact almost athermal [45, 52], with an additional thermal event resulting
from order-disorder transition at yet higher temperatures [52]. Micellization results in a large
increase in chain entanglement, micro-viscosity, and storage modulus, resulting in closer
packing [49].
Comparing the different blocks, PEO and PPO play clearly different roles. The
micelle is composed of a purely PEO mantle with a core that is PEO, PPO, and some water.
When the molecule is composed of large PEO moieties, heating causes greater size
reduction due to dramatic dehydration. The PPO block, on the other hand, has a greater
influence on CMT [53]. A large PPO section increases the tendency to closer packing,
which lowers the CMT and, at higher temperatures, accelerates the gelation process [54].
Fluorescent studies have shown that for a 50% PEO composition and for temperatures
above CMT, raising PPO content increases micelle micro-viscosity, an influence which is
independent of concentration and also significantly greater for Pluronic® micelles compared
to standard surfactants [54].	
  
In selecting a Pluronic® for the molecular device design, attention is paid to
maximize closer-packing with temperature change. Therefore, it is important to select a
Pluronic® that has large PEO sections for increased size response with a sufficiently large
PPO region for phase response at appropriate temperatures. In the end, the F-68 triblock
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(75/30/75) was chosen for this study. It is the transition to closer packing at increased
temperatures that, according to the hypothesis of this investigation, should cause the
attached dyes to approach FRET distance for energy transfer and fluorescent enhancement.
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1.6

Colloid, the base structure
Colloids offer a stable platform with functionality for attaching property-enhancing

ligands [55]. When appropriately controlled, emulsion polymerization can produce a monodispersed aqueous suspension of particles for attaching otherwise immiscible or partiallymiscible organic hydrophobes. Particles in the size range from 10’s to 100’s nm can enter
human cells by means of receptor-mediated endocytosis [56]. Polymer colloidal particles can
be synthesized in this range, with careful control. For free-radical emulsion polymerization,
particle size is inversely proportional to the concentration of surfactant. Also, the number
average degree of polymerization (Xn) is proportional to N/Ri , (N = number of particles,
Ri = initiation rate), so size can be well controlled. The desirably fast polymerization rate is
proportional to the number of particles (N). Latex emulsions can result in stable colloidal
products.

Stability is achieved by repulsion from surface-active ions, (initiator and

surfactant) and polar monomer groups (e.g. acrylates), which oppose van der Waals
attraction. Colloidal purification is successful by dialysis and centrifugation [57]. The
appropriate selection of monomer can provide for the attachment of ligands. Emulsionpolymerized nanoparticles, especially with cross-linking, provide an orderly, well-controlled
and robust platform for molecular devices [6, 15, 58].
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1.7 Absorbing free dyes versus PEG tethering of dyes
Fluorescent response in particles has been accomplished by the loading or absorbance
of free dyes. This design, however, has been shown to result in loss of dye, low spatial
control, and aggregation of dye molecules. Other designs for fluorescent particles have used
water-insoluble fluorescent dyes dissolved in organic solvents. However, the change from
organic to aqueous media can result in irreversible aggregation.
suspension decreases aggregation.

The use of colloidal

Improvement in all these issues, however, occurs by

covalently bonding the dye to the particle via a tether such as poly(ethylene glycol) (PEG).
Attachment with the hydrophile PEG enhances water solubility of dyes, decreases
aggregation, increases spatial control, and increases dye retention and fluorescent persistence
[4, 6, 59].

For attachment to PEG, the Cu(I)-catalyzed cyclo-addition (“click”) chemistry

has been successfully utilized [18, 59, 60]. Figure 9 shows the attachment of a fluorescent
dye-modified PEG moiety to a particle by “click” chemistry, the cyclo-addition between
azide and alkyne functionalities. In Figure 10, photographs show fluorescence persisting in
mice at 96 hours for the PEG-attached (“PEG-ylated”) fluorophore, which is attached to
colloidal particles [61]. Based on these results, the design of the molecular device is to attach
one or more dyes to the particle with a PEG-like tether which assumes closer packing at
increased temperatures.
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Figure 9. Scheme for a “click” reaction

Figure 10. Fluorescent imaging in mice—without fluorophore (left), with
unattached fluorophore (center) and with fluorophore attached to PEG
(right). Adapted with permission from the American Chemical Society.
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1.8 Hypotheses and objectives of this investigation
1) Synthesis.
The first hypothesis is that the cross-linked poly(propargyl acrylate) colloidal
suspension would be successfully synthesized with its particle diameter in the 50-75 nm
range.

Although similar polymerizations have been accomplished, this combination of

monomer, cross-linker, and target size range is unique. As particle size and product purity is
always an issue in emulsion polymerizations, reaction variables should be carefully
monitored. Size control is important because the target size for the final molecular device is
less than 100 nm for successful absorption into human cells, and monodispersity is equally
desired.

The second hypothesis is that ligands would be attached successfully to the

colloidal particle. The attachment by “click” chemistry (section 2.1), whether the ligand is
the dye/Pluronic® or the dye alone, requires functionalization with an azide group (N3).
Only the dye/Pluronic® attachment will be executed for the preliminary investigation.
The synthesis objectives are as follows:
a) Model the synthesis sequence for the molecular device.
b) Synthesize the monomer, polymerize and purify the cross-linked colloid.
c) Modify the Pluronic® by end attachment of the acceptor dye.

Modify the

Pluronic®/dye with an azide. Purify the product.
d) Determine the size of the unmodified and modified particles.
2) Thermal Studies.
The first hypothesis is that the attachment of the thermally responsive copolymer
would cause the dye/Pluronic-modified colloidal particles to decrease in diameter, upon
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temperature increase. The second hypothesis is that the critical temperature response would
occur in the 42 to 45 °C range, as appropriate for hyperthermia treatments. The first two
hypotheses will be tested in this inquiry. The third hypothesis is that the reduction in
particle diameter would cause closer packing, resulting in FRET distance for the two dyes
and enabling energy transfer. The third hypothesis will be tested in future work. The
objective of the thermal studies is to monitor and compare the change in size of the unmodified particles against the modified particles, with respect to temperature range. It would
then be assessed whether the FRET distance and needed temperature range would be a
reasonable objective.
3) Optical studies.
The first objective of the optical studies is to identify a pair of FRET fluorescent
dyes. This task is approached by finding sufficient overlap between the energy donor
emission and acceptor absorption spectra. Subsequently, the FRET pair is tested for energy
transfer as free dyes in solution. These tests will occur in the preliminary study. The
hypothesis is that, having successfully synthesized the complete molecular device, upon
temperature increase and photo excitation, the donor dye would transfer energy to the
acceptor, enhancing fluorescence. Proof of this hypothesis will remain for future work. The
objectives of the optical studies are as follows:
a) Collect spectral data from the donor and acceptor dyes and model a FRET pair.
b) Calculate the quantum yield of the donor dye.
c) Calculate the FRET distance and the FRET efficiency.
d) Test for energy transfer with free dye solutions.
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2. Experimental
2.1 Synthesis sequence
For this investigation, the architecture of the device requires the donor dye, of the
donor/acceptor pair, to be attached directly to the colloidal core particle and the acceptor
dye to be tethered to the core by means of a thermally responsive copolymer Pluronic®. The
colloidal particles will be emulsion polymerized from the monomer propargyl acrylate (PA,
Figure 13, section 2.2), a propynyl (carbon-carbon triple bond) ester with vinyl functionality
(carbon-carbon double bond), and the cross-linker divinyl benzene (DVB, Figure 14, section
2.3). The polymer is produced by the free-radical reaction of PA and DVB. The synthesis
sequence is presented in a cartoon (Figure 11):
1) The ligand is produced by attaching the fluorophore A (acceptor) to the copolymer.
2) The copolymer is modified with an azide. 3) The ligand is attached to the colloidal
particle by “click” reaction. 4) The fluorophore D (donor), modified with an azide, is
attached to the particle by “click” reaction. 5) At higher temperatures, the copolymer
changes to closer packing and brings the dyes to FRET distance. Optical excitation of the
donor is provided and energy transfer enhances the fluorescence of the acceptor.
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Figure 11. Cartoon depiction of the synthesis sequence for the molecular device
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Another device architecture, assigned to future work, should provide an additional
route to bring the dyes within FRET distance. Its synthesis sequence is presented in Figure
12:
1) The fluorophore A is end-attached to the copolymer. 2) The other end is modified with
an azide. 3) The ligand is attached to the particle by “click” reaction. 4) A similar ligand of
copolymer/fluorophore D is attached to the particle. 5) At increased temperatures, FRET
distance is achieved.

Upon excitation, energy is transferred, resulting in enhanced

fluorescence for the acceptor.
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Figure 12. Cartoon depiction of the synthesis sequence for the alternate molecular device
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2.2

Synthesis of propargyl acrylate
Propargyl acrylate, the monomer for the emulsion polymerization, was esterified

from propargyl alcohol and acryloyl chloride using the procedure as follows (Figure 13,
Table 1). Dicholoromethane (DCM, 250 mL) was distilled over phosphorous pentoxide
(P2O5) with an oil bath temperature of 60 to 70 °C. Triethylamine (Et3N) was distilled, when
not used fresh from its original container. Propargyl alcohol (8.9 g, 130 mmol), Et3N (16.1
g, 130 mmol), and DCM (80 mL) were charged to a dry single-neck flask fitted with an oil
bubbler and placed in an ice/salt bath. Acryloyl chloride (12.0 g, 130 mmol) was added
slowly through a dropping funnel while the flask temperature was maintained below 20 °C
throughout the reaction. Using a separatory funnel, the product was shaken with de-ionized
water, DCM, NaCl, and twice dried over Na2SO4.

The product was vacuum filtered

(sintered glass) with DCM wash. DCM was removed with a Büchi Rotavapor® R200. A
small amount of hydroquinone was added to the product to inhibit polymerization, and it
was distilled at 30-40 torr vacuum. The product, 11.5 g of a colorless liquid with strongsmelling odor, was obtained with a yield of 78.5%. All commercial reagents were used
without further purification.
The 1H NMR spectrum was collected on a JEOL Delta 2 300 MHz spectrometer.
All chemical shifts are reported against TMS. 1H NMR (CDCl3) 2.49 (t, 2.4 Hz, 1H, C≡CH), 4.76 (d, 2.4 Hz, 2H, OCHH), 5.88 (d.d., 10.7 Hz, 1.4 Hz, 1H, CH=CHH), 6.11-6.20 (m,
10.7 Hz, 17.4 Hz, 1H, CH=CHH), 6.47 (d.d., 17.4 Hz, 1.4 Hz, 1H, CH=CHH). Spectral
results are supported in literature (Appendix: NMR Spectrum, Propargyl Acrylate) [62].
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Figure 13. Reaction scheme for esterification of propargyl acrylate

Propargyl
alcohol
8.9

Triethylamine

DCM

Mass, g

Acryloyl
chloride
12.0

16.1

--

Volume, mL

10.7

9.2

22.2

80

Quantity, moles

0.13

0.13

0.13

--

Table 1. Reagents for the synthesis of propargyl acrylate

2.3

Synthesis of colloidal particles
Colloidal particles of poly[(propargyl acrylate)-co-divinylbenzene] (poly(propargyl

acrylate) or PA), were synthesized by oil-in-water emulsion polymerization using propargyl
acrylate and the cross-linking agent divinylbenzene (DVB, up to 10%, Figure 14) with the
anionic surfactant sodium dodecyl sulfate (SDS) and the free-radical initiator potassium
persulfate (KPS). For the reaction, a 2-neck flask with magnetic stir bar was fitted with
reflux condenser, charged with nitrogen atmosphere, and heated in an oil bath. Water was
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drawn from a 18.2 MΩ-cm resistivity Barnstead NANOpure Diamond filter system. SDS
and KPS were separately dissolved in water and passed through 1.5 um syringe filters. All
liquids were bubbled with nitrogen for 10-20 minutes prior to reaction. Upon injection of
the KPS solution, the reaction flask was transferred to an 85 °C (+/- 5°) oil bath.
Purification by dialysis bath was performed, as described in the following section. Various
reaction conditions, that is, stoichiometry of reactants and solvent, reaction temperature,
reaction time, and purification time and temperature, were adjusted to improve results, as
seen below (Table 2). Except for the synthesized reagent (above), all reagents were acquired
from commercial sources and used without purification.

	
  

Figure 14. Reaction scheme for the polymerization
of poly(propargyl acrylate) using cross-linker divinyl
benzene (reactant on right)	
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Polymerization Run

1

2

3

4

5

6

7

8

9

Propargyl acrylate, mL

3

2

1.5

1.5

1.5

1.5

1.5

3.0

3.0

Water, mL

25.5 30 30

40

30

30

30

60

60

SDS, mg

15

60 60

60

60

60

60

50

50

KPS, mg

30

50 50

50

50

50

50

60

60

DVB, mL

0

0

Reaction temperature,
º
C
Heating time, hr.

83

75 75

75

75

85

85

88

85

2

2

1

1

1

1

1

1

1.25

Dialysis time, hr.

-

-

-

-

-

-

-

48

42

Dialysis temperature, °C -

-

-

-

-

-

-

60

55

0.23 0.35 0.25 0.25 0.25 0.45 0.45

DLS Input Parameters and Specifications
Temperature, °C

22.0

Diluent (water) viscosity, cP

0.9548, calculated at website by inputting
temperature [63]

Diluent refractive index:

1.333 [64]

Particle refractive index:

1.53 [65]

Sample Data Processor range, nm

3 – 1000

Angle of detection, degrees

90

Laser type

He-Ne

Table 2. Reaction and purification conditions for cross-linked poly(propargyl
acrylate) and DLS input parameters and equipment specifications for size
characterization	
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2.4

Colloidal purification by dialysis
Upon completion of the polymerization, the product was passed through a coarse

grade of paper filter (Whatman, grade No. 541) and inserted into a dialysis membrane (26
mm wide Spectrum Laboratories Spectra/Por with 50,000 molecular weight cut-off). The
membrane tubing was terminated with weighted clips and placed in a 20 liter glass tank with
Barnstead® filtered water. The water was changed twice daily.
Upon completion of dialysis, the colloidal particle density (dry weight of particles per
volume of aqueous suspension) was determined. A 3 mL aliquot of colloidal suspension was
dried using a Büchi Rotavapor® R200, at 60 °C, for 40 min. The mass of the residue was 83
mg, and the density calculation was 28 (+/- 1) mg/mL.

2.5 Modification of naphthalimide (acceptor) dye with Pluronic®
and azide
The 1,8-naphthalimide dye (6-Piperidin-1-yl-benzo[de]isoquinoline-1, 3-dione, or
YB276) was chosen as the acceptor dye (Figure 15). The dye had been previously
synthesized [66] and terminally modified with the F68 Pluronic® triblock copolymer, MW
8350 Da, estimated by BASF® (Figure 16) [67], and a terminal azide (N3, Figure 17) by Yuriy
Bandera, according to the following 4-step procedure.
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Figure 15. 1,8-naphthalimide (YB276), acceptor dye
	
  

Figure 16. F68 Pluronic®
	
  

	
  
	
  
	
  

Figure 17. Azide-modified dye/Pluronic®

(1) Methanesulfonation of Pluronic®. To a solution of F-68 Pluronic® (10 g, 1.2 mmol)
and triethylamine (150 mg, 0.2 ml) in dichloromethane (30 ml) was added a solution of
methanesulfonyl chloride (152 mg, 1.33 mmol) in dichloromethane (2 ml). The solution was
stirred for two days at room temperature before being quenched with water. The organic
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layer was separated and dried over Na2SO4, then filtered and evaporated. The product was
10 g (1.19 mmol), with a yield of (99%). 1H NMR (300MHz, CDCl3, TMS) δ (ppm): 4.38
(m, 2H), 3.85-3.34 (m, 611H), 3.08 (s, 3H), 1.12 (m, 67H). The product was used in the next
step without further purification.
(2) Synthesis of Pluronic® modified with a naphthalimide dye. A mixture of
methanesulfonated Pluronic® (10 g, 1.2 mmol), 6-Piperidin-1-yl- benzo[de]isoquinoline-1,3dione (384 mg, 1.37 mmol), and potassium carbonate (409 mg, 2.96 mmol) in acetone (50
ml) was stirred under reflux for 96 hours. The mixture was filtered, evaporated, dissolved in
dichloromethane and washed with water. The organic layer was separated, dried over
Na2SO4, filtered, and the solvent was removed by vacuum. The product was 10.5 g (1.2
mmol) with a quantitative yield. 1H NMR (300MHz, CDCl3, TMS) δ (ppm): 8.79-8.30 (m,
3H), 7.60 (m, 1H, 8.3 Hz), 7.11 (d, 1H, 8.3 Hz), 3.85-3.34 (m, 611H), 3.25 (t, 4H), 1.83 (m,
4H), 1.69 (m, 2H), 1.12 (m, 67H).
(3) Methanesulfonation with dye-functionalized Pluronic®. To a solution of
Pluronic®-dye in dichloromethane (40 ml) was added triethylamine (0.5 ml, 3.6 mmol) and
methane sulfonyl chloride (0.2 ml, 2.5 mmol). The mixture was stirred at room temperature
for 19.5 hours before being washed with water. The organic layer was separated, dried over
Na2SO4, filtered, and evaporated. The product was 9.7 g of crystalline solid with a yield of
95%. 1H NMR (300MHz, CDCl3, TMS) δ (ppm): 8.79-8.30 (m, 3H), 7.60 (m, 1H, 8.3 Hz),
7.11 (d, 1H, 8.3 Hz), 4.35 (m, 2H), 3.85-3.34 (m, 611H), 3.25 (t, 4H), 3.06 (s, 3H), 1.83 (m,
4H), 1.69 (m, 2H), 1.12 (m, 67H).
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(4) Azide modification of dye-functionalized Pluronic®. To a stirred solution of
methanesulfonated Pluronic®-dye in dimethylformamide (30 ml) was added sodium azide
(340 mg, 5.23 mmol), and the mixture was heated to 80 °C for 5 hours. The mixture was
extracted with dichloromethane and washed with water. The organic layer was separated,
dried over Na2SO4, filtered, and the solvent was evaporated under reduced pressure. The
residue was crystallized from diethyl ether, filtered, and 9.2 g (1.1 mmol) of light green solid
was obtained with a yield of 87%. 1H NMR (300MHz, CDCl3, TMS) δ (ppm): 8.79-8.30 (m,
3H), 7.60 (m, 1H, 8.3 Hz), 7.11 (d, 1H, 8.3 Hz), 3.85-3.34 (m, 611H), 3.20 (m, 2H), 1.83 (m,
4H), 1.69 (m, 2H), 1.12 (m, 67H).

2.6

Modification of poly(propargyl acrylate) particles by “click”
reaction
The modified dye was attached to the colloidal particles using a “click” reaction,

which is valued for its ease, selectivity, and reliability [68]. The reaction of the functionalized
azide/alkyne pendant groups was accomplished in a copper(I)-catalyzed terminal alkyneorganic azide cyclo-addition yielding a 1,2,3-triazole product under near room-temperature
conditions (Figure 18).
A single-neck flask, fitted with reflux condenser, was charged with reagents which had
previously been bubbled with nitrogen, forming a partially soluble dye/Pluronic® slurry with
poly(propargyl acrylate). The catalyst copper(I) iodide was then added with vigorous stirring.
Various conditions of temperature, reaction time, and stoichiometry (Table 3) were
employed to improve results.
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Figure 18. Reaction scheme for the “click” reaction

Reaction

1

2

3

4

5

6

Water, mL

3

2

2

4

4

4

Dye/N3, mg

100

150 100

250 250 300

PA, mL

3

8

8

16

16

8

CuI, mg

8

12

-

20

20

12

Temperature, °C

ambient 35

ambient 35

35

35

24

50

48.5

Reaction time, hr. 74

44

66

Table 3. Reaction conditions for the “click” reaction
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2.7 Purification of the “click” reaction product
The product was initially centrifuged at 3,000 rpm for 10 minutes to remove much of
the catalyst. The supernatant liquid was saved and centrifuged at 15,000 rpm for 1 hour.
The supernatant was decanted, and the product was re-suspended in either water or
methanol by vortex and/or sonication, scraping and re-suspending any sediment. Water or
water/methanol (50/50) mixture was added, and the sediment was re-suspended. The
procedure, starting with the 15,000 rpm centrifuge, was repeated for a total of three to four
times.

Various conditions of initial centrifuge, high-speed centrifuge, and water or

methanol wash, were employed to improve the quality of purification, as shown (Table 4).

Reaction

1

2

3

4

5

6

Initial centrifuge
rpm/time, min.

3k/10

NA

3k/10

3k/10

3k/10

3k/10

Second centrifuge
rpm/time, min.

10k/40 10k/85 (1x),
10k/40 (2x)

15k/60 15k/60 15k/60 15k/60

Second centrifuge, total
number of times

3

3

3

3

4

4

Use of MeOH wash

No

Yes

No

Yes

No

No

Table 4. Conditions for the purification of the product of the “click” reactions
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2.8

Use of Dynamic Light Scattering to determine particle diameter
Colloidal particle diameters were targeted at less than 100 nm. Dynamic Light

Scattering (DLS, also called photon correlation spectroscopy) was used to determine size
following emulsion polymerization and particle modification. As change in particle size with
temperature is central to this study, DLS was used for this purpose as well.
As suspended particles undergo Brownian motion, the diffusion rate through the
suspension medium is inversely proportional to particle size, as given by the Stokes-Einstein
equation:
!

!
𝐷 = !!"#

where:

Equation 8

𝐷 = Diffusion coefficient (cm2/s)
k ! = Boltzmann constant (1.3806503 × 10-16 cm2 g s-2 K-1)	
  
𝜂 = viscosity (poise) of suspension liquid
𝑑 = diameter (cm) of particle	
  

Sample particles scatter light from the He-Ne laser beam of the Coulter® N4 Plus,
and changes in interference pattern are detected as intensity (pulse) change.

DLS actually

measures changes in light scattering. By photon correlation or transformation of pulse
patterns, diffusion rates are calculated with the autocorrelation function.

By inputting

temperature, viscosity and refractive index of the fluid, size is determined with the digital
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signal processor (DSP) algorithms [69]. So, absolute size is not measured but estimated as
hydrodynamic diameter, based on diffusion rates.
Two different statistical methods were used to determine size distribution. After
polymerization, the size distribution processor (SDP) was used to determine the median
diameter and standard distribution by number average. However, for studies with
temperature variation, the size range was extended to 10,000 nm in order to monitor
aggregates. Number average size calculations were executed independently of the SDP, for
increased control. Sizes at twice the mean and larger were reasonably assumed to be
aggregates and ignored for statistical processing. Other sizes were used for mean diameter
calculation with error bars equal to +/- σ. Calculations were executed with the software
Microsoft® Excel 2010, and plots were created with the software Sigma Plot® 10.0. Using
the thermal couple Omega HH12A, sample temperatures were found to be within 1 °C of
instrumental settings. Using Beckman Coulter N4 Plus reference samples, DLS calibration
was conducted once. The calibration was found within the manufacturer’s limits [70].
Experimental and equipment parameters and calibration procedures are presented in Table
5.	
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Temperature, oC

Control variable

Viscosity of diluent (water), cP

Calculated at website, inputting temperature
values [63]

Refractive Index of diluent

Estimated, inputting temperature and laser
wave length parameters [64]

Refractive index of particle

1.53 [65]

Sample Time Mode

Auto

Test angle, degrees

90

Run Time Mode

Auto

Equilibration Time, minutes

15

Repetitions

10

Size Distribution Processor
(SDP) range, nm

3-1,000, after polymerization;
3-10,000, for modified particles in
temperature studies

Temperature Calibration Check

Thermal Couple, Omega HH12A

DLS Calibration Check

N4 Size Control L100 standard

He-Ne laser wavelength, nm

632.8

Table 5. Experimental and equipment parameters and calibration procedures for DLS in
post-polymerization size estimates and variable temperature studies
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2.9

Collection of spectral data
Fluorophores were characterized for their optical properties to judge suitability for

energy transfer and for related analysis. The ultraviolet through visible absorbance spectra
(UV-Vis) were recorded with a Perkin Elmer Lamba 850 UV-Vis or a Lambda 900 UVVis/NIR Spectrophotometer. Photoluminescence emission (PL) spectra were collected for
a fixed excitation or “pump” wavelength and the photoluminescence excitation spectra
(PLE) were collected for a fixed emission wavelength using a Perkin Elmer Luminescence
Spectrometer LS-50B or a Jobin Yvon (JY) Fluorolog 3-222 Tau Photoluminescence
Spectrometer. Also considered in the selection process was the ability of the dye to bond to
the Pluronic®. The compounds examined were the energy acceptor naphthalimide (YB276)
and the energy donor 2-Naphthalen-1-yl-5-p-tolyl-[1,3,4] oxadiazole (1,3,4-oxadiazole or
YB096, Figure 19).

Figure 19. The 1,3,4-oxadiazole (YB096) or donor dye
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2.10 Calculation of the quantum yield
Determination of the quantum yield for the energy donor is important as high yield
is needed for efficient energy transfer.

Fluorescent quantum yield is the intensity of

fluorescence divided by intensity of absorbance. An accepted comparative technique was
used in which the sample dye (in this case, the donor YB096) was tested against two
quantum yield standards under the same conditions, first to certify the accuracy of the
experimental procedure and then to determine the unknown.

Reference standard

compounds were matched for compatible absorbance and PL spectra and excitation
wavelength. The individual concentration range was adjusted to maintain an absorbance
value above 0.025, with concern for signal-to-noise, and below 0.08, with concern for nonlinear effects such as re-absorbance and aggregation. Stokes shift was considered in order to
minimize emission overlap relative to pump wavelength.

Integrated fluorescence was

plotted versus absorbance, using five data points plus the origin point. The gradients from
linear regression (SigmaPlot® 10.0) for sample and reference compounds, and solvent
refractive indexes were employed (Equation 7) [71, 72].
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ɸ! = ɸ!"

where:

!"#$!
!"#$!

!

∗ (! ! )!
!

Equation 7

ɸ! = quantum yield
𝐺𝑟𝑎𝑑 = gradient (slope) of plot, integrated fluorescence vs. absorbance

	
  

𝜂 = solvent refractive index
𝑆𝑇 = standard reference compound	
  

All test solutions were freshly mixed.

All runs were executed with same

spectrometry parameters and procedures including cuvettes placed in same orientation.
Absorbance was performed after auto-zero of solvent in cuvette, and spectrum was base-line
subtracted at the appropriate wavelength of 450 nm. Fluorescence was taken immediately
after absorbance run.

A Perkin Lambda 850 Spectrometer and a JY Fluorolog were

employed to collect spectra. Reference compounds quinine hemi sulfate and anthracene
were obtained from commercial sources and used without purification.

2.11 Calculation of the FRET distance
To calculate FRET distance for the pair, YB096 (donor)/YB276 (acceptor), the
spectral acquisition procedure was followed as for quantum yield, except to increase sample
concentration to 30 uM in DCM, as required for FRET. The molar extinction coefficient
was calculated as follows:
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!"#$%"&'()

𝜀!   [𝑛𝑜  𝑢𝑛𝑖𝑡𝑠] = !"#!$#%&'%("#∗! [𝑚𝑜𝑙/𝑑𝑚! ∗ 𝑐𝑚]  [𝑑 = 𝑐𝑢𝑣𝑒𝑡𝑡𝑒  𝑝𝑎𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ = 1  𝑐𝑚].
Donor integrated fluorescence ( 𝑓! (𝜆) ) was normalized, and FRET distance was calculated
(Equations 4-6).
!!
!"

= 0.02108
𝐽=
J ≈

ĸ! ɸ !

!!

!!

!"# !! !"! !"!! !"!

!
𝑓   𝜀
! !       !

!"
!!   𝑓!

λ       𝜆!     𝑑𝜆

𝜆 ∗ 𝜀! (𝜆) ∗ 𝜆! ∗△ 𝜆

!
!

Equation 4
Equation 5
Equation 6

2.12 Calculation of FRET efficiency
The FRET efficiency was calculated where 𝐹!:! is the integrated fluorescence of donor in
the presence of both donor and acceptor, and 𝐹! is that for donor alone under same
experimental conditions (Equation 1). The error due to overlap of emission spectrum with
pump wave length was calculated against PL at shorter wave length excitation (no overlap).
	
  
	
  

𝐸 =1−

!!:!
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Equation 1
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2.13 Modeling and testing of the donor/acceptor pair
The donor/acceptor pair was modeled for spectral overlap of donor emission with
acceptor absorbance. Excitation “pump” was selected to excite the donor maximally, with
miminal direct excitation to the acceptor.
Testing for resonance energy transfer for free dye solutions, PL spectra were
gathered for one-dye solutions (1DS) and two-dye solutions (2DS) under otherwise same
conditions and concentrations. Where donor and acceptor experienced emission overlap,
care was taken at the local minimum of linear plot intersection. At this wavelength, half
value was assigned to each fluorescence, but elsewhere full value was assigned to the
predominate peak.
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3. Results and Discussion
3.1

Overview
In this study, to build a molecular device, emulsion polymerization was used to

create a mono-dispersed suspension of functionalized acrylate particles. The core was
modified with a shell (corona) by attaching two different fluorescent dyes by “click”
reaction. For this preliminary study, however, only one dye was attached. Purity of the
core/corona particles was monitored by its photoluminescence shift relative to the dye
alone. The size, less than 100 nm for the modified particles, was followed by DLS studies
during the shrinkage of corona at increased temperatures. This phenomenon, as noted in
other studies, results in closer packing, which should lead to energy transfer between donor
and acceptor dyes.

Because energy transfer is dependent on donor emission, donor

quantum yield was determined. Donor and acceptor dyes were matched according to
emission and absorbance overlap. FRET distance was calculated. Energy transfer between
the dye pair was observed for free dyes in solution.

3.2

Synthesis results
A cross-linked poly(propargyl acrylate) colloidal suspension was needed in the 75-

100 nm particle diameter range for successful absorption into human cells. Colloidal crosslinked PA core particles were successfully emulsion polymerized with a particle diameter of
61 nm (number average calculation, standard deviation 18 nm, 0% dust, by DLS results), in

51

polymerization run 9 (Table 6). This particular run was selected due to appropriate particle
size, mono-dispersity and low dust (low number of large aggregates).

The reaction

conditions and stoichiometries had been adjusted to increase particle size and decrease
dispersity. This result was accomplished in part by decreasing the SDS surfactant to 50 mg.
Also utilized were increases in the volume of water, the mass of initiator to 60 mg, and the
volume of DVB cross-linker to 0.45 mL. The reaction time was extended to 1.25 hrs at 85
°C (Table 2). The colloidal particle density (particle dry weight per volume of aqueous
suspension) was 28 mg/mL, consistent with expectations.

Polymerization Run

1

2

3

4

5

6

7

8

9

Particle diameter, by number 110 19
analysis using SDP, nm

394 37

32

29

40

784 61

Standard Deviation, nm

19

2

105 2

7

11

9

71

18

Per cent dust

0.2

13.5 0.8

4.3 7.9 44.5 13.0 0.0

0.0

Table 6. Particle characterization using DLS for the polymerization

After “click” reaction, the product was purified by centrifugation and water wash,
according to the procedure set forth in Section 2.7. By varying the number of washes and
suspension liquids (water or methanol), improved purification and yield were accomplished
with three water washes (run 2, Table 4). Success of purification was shown by comparing
the PL peaks of the products (runs 2-4) at 507-8 nm (ex. 405-6) with the PL peak of the
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reactant at 534 nm (ex. 422, Figure 20). The product peaks were shifted 26-27 nm to smaller
wavelengths.

Modified particle mean diameter, according to DLS studies, fell within the

target range, 80-100 nm (Section 3.2 and Figure 21).
expectations.

53

Standard deviation also met
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Figure 20. PL spectra for (A) three runs of “click” reaction products
(acceptor dye/Pluronic-modified particles, aqueous), peak 507-8 nm (ex.
405-6), compared to (B) reactant (aqueous), peak 534 nm (ex. 422).
Products show 26-27 nm shift to shorter wavelengths.
Perkin Elmer LS 50B
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Figure 21.	
   	
   Mean particle diameter with error bars (plus/minus one standard
deviation) for unmodified core particles (below) and for the same core with
dye/Pluronic® corona modification (above), while subjected to temperature
change, 32 to 60 °C.
Beckman Coulter N4 Plus
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3.3

Thermal response
Hyperthermia treatment is most effective for temperatures from 42 to 45 °C. For

this range, particle response, resulting in closer packing, is needed for energy transfer. Core
colloids were subjected to a temperature range of 32 to 60 °C. The unmodified particles
showed little change in size, 60-65 nm (Figure 21). This size range was within experimental
error. The corona-modified particles, however, showed a significant change in diameter,
following three regions: (I) becoming smaller (100 to 82 nm) from 32 to 44 °C, (II) growing
larger (82 to 96 nm), with temperature increase to 52 °C, and (III) shrinking the most (96 to
60 nm) at temperatures up to 60 °C. Figure 20 shows the mean size of modified particles
with error bars equal to plus or minus one standard deviation. From the bottom of the error
bar at low temperature (32 °C) to the top of the error bar at high temperature (60 °C), an
18% size reduction is shown. More important are the size decreases in regions I and III.
The critical change targeted for hyperthermia treatment corresponds well in region I.
Between these regions, the greatest increase in size occurs from 44 to 52 °C (region II). The
increase in size is accompanied by an increase in size distribution. By showing the ratio of
modified particle mean diameters to unmodified particle diameters, the change in size is
more clearly demonstrated (Figure 22). Ratios reach minima at 44 °C and also from 56 to 60
°C with a maximum at 50 °C. Maximum to minimum ratios change from 156% to 125%,
demonstrating closer packing in two regions. A second run of thermal testing, using the
same experimental conditions, confirmed these trends.
The decreases in size for two thermal regions are consistent with previous reports of
phase change in F68 Pluronic®. Recently (2010), it was shown that F68 critical micelle
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temperature (CMT) is accompanied by a decrease in size [73].

This is true for the

temperature range from 43 °C for 10 weight per cent to 59 °C for very dilute solution. In a
more recent study (2011), the F68 Pluronic®, modified with an oligomeric ligand, was
analyzed using Dynamic Mechanical Analysis. This study reported continuous gel (no flow)
to sol (flow) and sol to gel transitions for a 0.1% (weight/volume) sample, from 0 to 70 °C
[74]. Supported by 1H NMR studies of ligands, three different thermo-reversible micelle
structures (transparent gel, sol-gel, opaque gel) were identified. The sol-gel phase formed
between 20 and 50 °C with the opaque gel at higher temperatures.
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Figure 22. Ratio of core/corona colloidal particle mean diameters to core
mean diameters versus temperature, for the temperature range 32 to 60 °C.
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One hypothesis of this investigation is that the reduction in size of the colloidal
particles, with increased temperature, should result in the FRET distance needed for the
donor/acceptor dye pairs to transfer energy. Experimental results show a closer-pack
thermal response, as supported by results elsewhere [73, 74]. The DLS studies show,
comparing modified and unmodified particles sizes, a minimum distance of about 15 nm
between error bars. Evaluating this result, it is important to realize that the colloidal ligands
actually approach closer proximity than is suggested. Colloidal particles are described as a
suspension of polymers interpenetrating (“impregnating”) the suspension medium (water)
[58]. Core/shell particles should not be perceived as hard spheres but as loosely bound
particles, characterized by the hydrodynamic diameter reported in DLS studies (Section 1.5).
Another important point is one of statistics. Outside the error bar there still remain 32% of
the population. This interpretation increases the probability of ligands at FRET distance.
As various concepts are considered, which are, liquid interpenetration by the colloid, the
understanding of the error bar, and the molecular freedom by conformational change, a
closer proximity of dye pairs is indicated.

3.4 Quantum yield
Quantum yield is important because, in energy transfer, the donor needs a high
quantum yield for successful energy transfer (Equation 1). The absorbances for different
concentrations of energy donor YB096 in DCM and the two reference standards, anthracene
in ethanol and quinine hemi sulfate (QHS) in 0.1 M H2SO4, were plotted. Appropriate
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absorbance was shown at the pump wavelength of 339 nm (Figure 23). The
photoluminescence spectrum did not overlap pump wavelength, except for the YB096
spectrum at 343 nm (Figure 24). The resulting decrease in integrated fluorescence, from 316
to 343 nm, was calculated at 0.3%, which is within experimental error. Plots of integrated
fluorescence versus absorbance yielded regression fit values, R2, from 0.9912 to 1.0 (Figure
25 and Table 7). Experimental quantum yields for standard compounds deviated less than
3% from literature, which is within the reported +/- 5% error [75]. The quantum yield
result for YB096 was 0.70, and repetition of the experiment produced +/- 3%.
The quantum yield of the donor dye is an appropriately high value for donor energy
transfer, and is significantly higher than the quantum yield of another 1,3,4-oxadiazole (0.52),
found elsewhere [76-78]. Based on the experimental accuracy of the standards test and the
repeatability for the unknown, the quantum yield determination lies within similar limits for
dyes tested by the National Institute of Standards and Technology [79].
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Figure 23. UV-Vis spectra for YB096 (1,3,4-oxadiazole) sample and
2 quantum yield standards at various concentrations. Vertical line
indicates excitation at 339 nm (Figure 22).
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Figure 24. PL for YB096 (1,3,4-oxadiazole) sample and 2
quantum yield standards at various concentrations (exc.
339 nm).
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Compound	
  
	
  
	
  

R2	
  fit	
  

Anthracene	
  

1	
  

Quinine	
  Hemi	
  
Sulfate	
  
YB096	
  

0.9906	
  
0.9997	
  

Solvent	
   Excitation,	
   Quantum	
  
Quantum	
  
nm	
  
Yield,	
  
Yield,	
  
literature	
   experimental	
  
	
  
MeOH	
  
339	
  
0.27	
  
0.276	
  
0.1	
  M	
  
H2SO4	
  
DCM	
  

339	
  
339	
  

0.53,	
  
0.546	
  
NA	
  

Standard	
  
used	
  	
  

QHS	
  

0.527	
  

Anthracene	
  

0.701	
  

QHS,	
  
Anthracene	
  

Table 7. Quantum yield conditions and results for YB096 dye against reference
standards, anthracene and quinine hemi sulfate. For YB096, the quantum yield
determination was 0.70.
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3.5

FRET distance
The FRET distance (𝑅! , distance for 50% energy transfer efficiency) indicates the

useful distance range for energy transfer, generally at least (1 + −   0.50) ∗ 𝑅! and not more
than 1 + − (0.85  𝑡𝑜  0.90 ∗ 𝑅! [14]. Efficiency at a given distance can also be calculated
(Equations 5a, 5b). The FRET distance for this system was calculated at 2.86 nm (Table 8)
[14].

Reported elsewhere, the value of 2.5 nm for FRET distance for another 1,3,4

oxadiazole, ((2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole) (PBD), 5% doped on a
polycarbazole nanoparticle in the presence of Au nanoparticles), supports the veracity of the
present calculation [80].

Overlap	
  
integral	
  
𝐽=

Wavelength	
  
range,	
  nm	
  

Orientation	
   Refractive	
  
factor	
  (κ! )	
   index,	
  DCM	
  
for	
  solution	
  

Quantum	
  
FRET	
  
yield,	
   donor:	
   distance,	
  nm	
  
ɸD	
  

𝑑𝐽	
  

8.16E13	
  

316 to 900	
  

2/3	
  	
  	
  	
  	
  

1.42	
  

0.701	
  

Table 8. Parameters for the calculation of the FRET distance
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2.86	
  

3.6

Photoluminescence
Selection of a FRET dye pair begins with the collection of spectral data, followed by

modeling of the donor/acceptor spectral overlap, and then testing for energy transfer in a
free-dye solution containing two dyes compared with the PL response in separate solutions
of each dye alone, under same experimental conditions. Spectral profiles were established
for the free dye, energy donor YB096, PL peak at 373 nm (ex. 339, Figure 26) and acceptor
dye YB276 modified by Pluronic® and azide, UV-Vis peak at 416 nm (Figure 27). For the
dye pair, donor and acceptor spectra showed good PL/absorbance overlap with a 216 nm
Stokes shift from excitation of donor to PL of acceptor (Figure 28).
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Figure 26. YB096 (1,3,4 oxadiazole) profile showing: 1) UV-Vis peak 325 nm for
3.25 uM concentration in DCM and 2) PL peak 373 nm (ex. 339) for 3.25 uM
concentration in DCM. The spectrum is extended to 850 nm to show PL in the
700-800 nm range.
Perkin Elmer Lambda 900, Jobin Yvon Fluorolog
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Figure 27. Profile for F68 Pluronic® modified with YB276 (naphthalimide) and
azide for 89uM concentration in MeOH: 1) UV-Vis peak 416 nm, 2) PL peak
528 nm (ex. 416), 3) PLE peak 345 nm (em. 528).
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Figure 28. Model FRET dye pair consisting of: 1) YB096 (donor) with absorbance
peak 313 nm (D-Abs), and PL peak 373 nm (ex. 314, D-PL) for 20 uM
concentration in MeOH, and 2) YB276 (acceptor) with absorbance peak 409 nm
(A-Abs) and PL peak 526 nm (ex. 410, A-PL) for 10 uM concentration in MeOH.
Donor/acceptor spectral overlap is gray. From donor excitation to acceptor PL,
Stokes shift is 213 nm.
Perkin Elmer Lambda 900, Jobin Yvon Fluorolog
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700

	
  

For the free dye test for FRET response, comparing PL from one dye in solution

with two dyes in solution, same solvent, concentration for each dye, and photo-excitation
wavelength, energy transfer was observed (ex. 310 nm). For the one dye solution (1DS, 30
µM in DCM) compared to the two dye solution (2DS, each dye 30 µM in DCM), the
fluorescence of the donor (𝐹! ) decreased by 23%, which is the FRET efficiency, and the
fluorescence of the acceptor (𝐹! ) increased by 26%. From 1DS to 2DS (FRET), total 𝐹
decreased 15%, which reflects quenching. When non-overlapping spectra was examined, the
error due to emission peak overlap was calculated at 4.5% for donor and 2.5% for acceptor.
The FRET efficiency and increase in 𝐹! was found within experimental error with
quenching. From the 310 nm pump wavelength to the acceptor’s FRET-enhanced emission
of 519, the Stokes shift was 209 nm.
fluorescence calculation, (𝐸 = 1 −

!!:!
!!

The FRET efficiency, or reduction in donor

), was 23%. The increase in acceptor fluorescence

was 26%, with 15% decrease in total fluorescence due to quenching. If all energy transferred
had resulted in acceptor fluorescence, increase was calculated to be 122% (Figure 29 and
Table 9). Under same experimental conditions, runs with 20 µM and 50 µM concentrations
also showed energy transfer but at lower intensities.
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Figure 29. PL plot, demonstrating FRET for YB096 (donor) and YB276
(acceptor) shown for 1DS (donor solid line, acceptor dash line) as well as 2DS
(donor and acceptor, line/black circles) under same conditions (30 uM in DCM).
Donor PL peak 372 nm (exc. 310) for both 1DS and 2DS. Acceptor PL peak 522
nm for 1DS shifting to 519 nm for 2DS during increased fluorescence.
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𝐹	
  

1DS,	
  single	
  
sample	
  
100%	
  

𝐹,	
  2DS,	
  FRET	
  

Net	
  Change	
  

76.5%	
  

100%	
  

23.5%	
  

22.9%	
  
reduction	
  
26.2%	
  
increase	
  

𝐹! 	
  +	
  𝐹! ,	
  total	
  integrated	
  
fluorescence	
  

100%	
  

84.9%	
  

𝐹! 	
  increase	
  due	
  to	
  FRET,	
  
calculated	
  if	
  there	
  had	
  been	
  zero	
  
quenching	
  
Percent	
  error,	
  𝐹! 	
  in	
  2DS	
  due	
  to	
  
PL	
  overlap,	
  as	
  estimated	
  from	
  
1DS	
  
Percent	
  error,	
  𝐹! 	
  in	
  2DS	
  due	
  to	
  PL	
  
overlap,	
  as	
  estimated	
  from	
  1DS	
  

	
  

	
  

NA	
  

4.5%	
  

-‐-‐	
  

NA	
  

2.5%	
  

-‐-‐	
  

	
  

5%	
  

	
  

NA	
  

22.9%	
  

-‐-‐	
  

𝐹! ,	
  integrated	
  fluorescence	
  of	
  
donor	
  
	
  𝐹! ,	
  integrated	
  fluorescence	
  of	
  
acceptor	
  

Total	
  integrated	
  fluorescence,	
  
estimated	
  error	
  
FRET	
  efficiency	
  

15.1%	
  
decrease	
  
(quenching)	
  
122%	
  
increase	
  

	
  
	
  
	
  
	
  

Table 9. Intensity of integrated fluorescence (𝐹) for donor YB096 and
acceptor YB276, (both 30 uM in DCM), separately as one dye solution
(1DS), and together as two dye solution (2DS), for same experimental
conditions, including concentration
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4. Conclusion	
  
Fluorescent imaging holds advantage over traditional imaging techniques with high
resolution, real-time response, persistent lifetime, cell targeting and transdermal penetration
without encumbering equipment and the risk from radiation. For thermal tracking during
hyperthermia treatments, a molecular device is proposed as a fluorescent nanoprobe,
absorbable into human cells, with thermal response as signaled by enhanced fluorescence
and an increased Stokes shift, resulting from FRET energy transfer. Two designs are set
forth, one of which was approached experimentally.

The colloidal suspension was

successfully synthesized, attaching a thermal responsive moiety with attached fluorescent
acceptor dye. Quantum yield of the donor was determined at 70%, and FRET distance was
calculated at nearly 3 nm, consistent with a previous report. From free dye testing, FRET
efficiency was shown to be 23% with 26% increase in fluorescence for acceptor by energy
transfer, with a 209 nm Stokes shift. Subjected to temperature change from 38-60 °C, the
modified colloidal particles demonstrated one large regime or possibly two sub-regimes of
size decrease, consistent with previous reports and consistent with the requirements for
hyperthermia treatments. The stated hypothesis—as micelle formation decreases diameter,
donor and acceptor would be brought within the needed distance, resulting in energy
transfer and enhanced fluorescence—was supported by the experimental results.
Future work includes the attachment of functionalities: azide to donor dye and azide
and dye to Pluronic®. Using “click” reactions, the dye will be attached directly to particles in
one trial (Figure 11), and F-68 Pluronic®, modified with the same dye, will be attached to
particles in a second trial (Figure 12). Click density will be calculated for both devices.
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Between the two attachment designs, thermally responsive enhanced fluorescence should be
accomplished.

Other dye pairs will be investigated for the ability to attach azide

functionality and for emission toward the NIR spectral range, for decreased Rayleigh
scattering and increased transdermal penetration. The current demonstrations of particle
synthesis, dye attachment, particle size decrease with increased temperature, and free-dye
solution increase in fluorescence with Stokes shift, underscore the future success for this
unique molecular device.
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Appendix: NMR Spectrum, Propargyl
Acrylate
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